A mouse VH probe has been used to identify and isolate VH homologs in a DNA library of Heterodontus francisci (horned shark). The complete nucleotide sequence of one VH gene, HXIA, has been determined and found to exhibit striking organizational homology and nucleotide identity with mammalian prototype VH genes. Metric analysis of the complete sequence is consistent with the early phylogenetic diversification of framework and complementarity-determining regions (CDR). Both the predicted amino acid sequence and the specific hybridization of the CDR2-specific, synthetic oligodeoxynucleotide probe in spleen mRNA suggest that HXIA is functionally expressed. A probe consisting of the entire coding region of this gene hybridizes with multiple components in Southern blot analysis of Heterodontus genomic DNA and together with the identification of additional unique VHj-A clones indicates that considerable complexity is associated with the germline VH gene family in a contemporary species that represents an early stage in the phylogenetic development of the vertebrates.
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The extraordinary complexity of the immunoglobulin genes and their associated recombination mechanisms (1) poses unique questions relating to the diversification and evolutionary stabilization of multigenic families. Our present understanding of the evolution of immunoglobulin VH diversity is based on both inter-and intraspecies comparisons of mouse, human (2-7), and reptilian (8) (9) (10) genes. Although inducible humoral immunity has been established in all representative vertebrate species, the elasmobranchs occupy the earliest level of evolutionary development in which immunoglobulins resembling mammalian antibodies have been unequivocally demonstrated (11) . Heterodontus francisci, the earliest elasmobranch species studied to date, apparently lacks a heavy chain class shift mechanism and elicits hapten-specific antibody responses that lack interindividual variation and fail to undergo affinity maturation (12, 13) . These latter findings may relate to a paucity of germline V genes as well as the absence of somatic mutation-recombination effects associated with the ontogenetic development of antibody-forming cells in higher vertebrates (1) .
As a first step in molecular genetic characterization of the biologically unique immune response exhibited by this species, a Heterodontus VH gene has been identified and characterized. The findings suggest that this modem representative of the phylogenetically early vertebrates possesses a remarkably complex germline VH gene pool.
MATERIALS AND METHODS
Construction and Screening of a Heterodontus Genomic DNA Library. Partial Sau3A digests in the predominately 14-to 17-kb range were ligated (T4 DNA ligase; New England Nuclear) to isolated X47.1 (14) arms and packaged, and recombinant phage were amplified selectively in Escherichia coli Q359.1. When adjusted for nondigested, Sau3A-resistant DNA (-"20% of total), -1.5 x 106 recombinant phage, equivalent to 9 haploid genomes [3.3 x 109 base pairs (bp) per haploid genome, estimate for a related elasmobranch] (15) , were recovered. Recombinant phage (-z6 x 105) corresponding to -3.5 haploid genomes were plated on E. coli KH802 and screened by a previously described hybridization, reduced stringency wash procedure (9) employing acrylamide gel isolated murine S107V insert (16), nick-translated to 1.1 x 108 cpm/,ug. Salmon sperm DNA was omitted from the hybridization solution that included pBR322 (probe vector) at 1.0 Ag/ml, E. coli DNA, polynucleotides, and tRNA (8) . Hybridization was at 65°C for 18 hr at 2 x 106 cpm/ml, and washing was at 52°C in 0.15 M NaCI/0.015 M sodium citrate/0.1% NaDodSO4; duplicate filters were exposed for 96 hr at -70°C with an intensifying screen. Positive plaques were purified as described (9) .
Amino Acid Sequencing of a Heterodontus VH Peptide. 
T which inversely complements the gene sequence of a Heterodontus heavy chain constant region peptide, Trp-Lys-LysGly-Glu-Glu (11) , and a 24-mer,
, which inversely complements positions 336-359 of the HXIA CDR2 (see Fig. 2 VT, variable region associated with T-cell receptor; CH, constant region (heavy) chain; C,,, constant region K (light) chain; CDR, cornplementarity-determining region; FR, framework region; kb, kilobase(s); bp, base pair(s); IVS, intervening segment; LR, leader region; RS, recombination signal.
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Southern Blotting, Comparative Screening of Purified Phage Stocks, Subcloning, and DNA Sequencing. Southern blotting was carried out as described (8) . For comparative screening, plaque-purified phage stocks containing 1 x 106 plaque-forming units/5 Al were pipetted directly onto an overlay containing E. coli KH802; lysis occurred in 4-5 hr and the plate was plaque-lifted as described (17) . Subcloning was carried out-in M13mplO/ll replicative form 1 DNAs (P-L Biochemicals) and the single-strand DNA was sequenced employing the dideoxynucleotide termination method. RNA Isolation and Blotting. H. francisci (two specimens) were immunized with formalin-treated Streptococcus pneumoniae (type III) for a period of 8 weeks. Total RNA was isolated from spleen, liver, and pancreas by the guanidine thiocyanate method (18) and poly(A)+ RNA was prepared by chromatography on oligo(dT)-cellulose (19) . RNA transfer blotting on 1.5% agarose gels containing 2.2 M formaldehyde was carried out by a standard procedure.
RESULTS AND DISCUSSION
Heterologous Cross-Hybridization Between Mouse and Shark VH Genes. Under conditions of reduced hybridizationwash stringency, multiple hybridizing phage plaques have been detected by screening a Heterodontus genomic DNA X library with S107V (16), a murine VH probe. Subsequent restriction endonuclease characterization has thus far identified 18 presumably unique recombinant phage. Blot-hybridization analyses of one of the VH-X recombinants, HXIA, localized heterologous hybridization to a single 1.4-kilobase (kb) Sma I fragment that originates at a phylogenetically 41 4 conserved position, Pro-Gly (9, 10), and extends 3' of the putative coding region. A partial restriction map of HXIA, localizing the position of the hybridizing region within the phage insert region. is illustrated (Fig. la) . Organizational Homology of VH Genes. The complete nucleotide sequence of the HXIA VH gene, determined according to the strategy in Fig. ic , reveals a striking similarity to a typical mammalian VH gene (Fig. 2) . A segment that would encode a 19-amino acid LR peptide is interrupted by a 128-bp intervening segment (IVS), longer than the majority of mammalian-reptilian VH IVSs (5, 10) . This region is in the same continuous reading frame as a 97-amino acid mature coding region and is followed by a characteristic immunoglobulin VH RS sequence ( Fig. lb) (1-6, 16, 22) . The Heterodontus IVS adheres to the G-T ... A-G excision rule and the splice acceptor sequence fits the higher vertebrate VH consensus (23) . Since the segmented codon is arginine rather than glycine, the splice donor more closely resembles a JK-CK splice (24) .
Evolutionary Conservation of the Coding and RS Sequences. The coding segments of the shark and mouse VH genes exhibit 60%, overall, nucleotide identity, similar to values of 56% for shark and caiman, a reptile, and 63% for caiman and mouse (9) comparisons. The pattern of localized nucleotide and amino acid identities between the Heterodontus and murine sequence(s) is consistent with the presence of FR and CDR gene segments. The six polypeptide regions encoded by these gene segments (LR, FR1, CDR1, FR2, CDR2, FR3) exhibit an average of 40% common amino acid residues between shark and mouse, which is only slightly lower than the values of 44% between shark and caiman and 50% between caiman and mouse. Table 1 are held in common. Similarly, the nucleotide sequence of shark FR3 is more related to the mouse than to the caiman, although the latter species occupies an intermediate phylogenetic position. The FR2 segments of shark, caiman, and mouse exhibit approximately the same level of nucleotide identity. The FR1 segment of shark shares about one-fifth fewer nucleotides with the caiman and mouse than are shared by their respective FR1 segments. Similar correlations also are seen at the amino acid level. These results suggest that considerable selective pressure for maintaining immunoglobulin VH gene structure has been exerted over an extended period of evolutionary time. In addition, the significant difference between the FR1 segments of the elasmobranch and the higher vertebrates is consistent with different rates of evolution-selection influencing the individual segments of these genes. The 3'-noncoding segment contains a 3-nucleotide spacer (S) segment followed by a typical VH RS segment that contains a conserved heptamer, a variable 23-nucleotide spacer, and a conserved nonamer. The RS segment of HXIA is closely related to the RS segments of human and murine VH, VK, VA, and VT (25, 26) and reptilian VH genes (9, 10) . The lack of phylogenetic variation in this segment throughout the vertebrate radiation suggests that it may have originated at an early point in evolution and may be associated with other developmental processes involving DNA reorganization.
Hyperconservation of the 3'-Coding Sequence. A 40-nucleotide segment that spans positions 447-486 of HXIA and includes the heptamer of the RS segment is highly conserved between the shark and mouse genes (Fig. 2) . The 15-nucleotide segment (positions 462-476) encoding Tyr-Tyr-Cys-AlaArg (residues 93-97) is identical in a large number of murine and human VH segments (2, 3, 16, (27) (28) (29) (30) even though the amino acid residues encoded possess 2-to 6-fold codon degeneracy. The lack of silent substitutions may be related to codon utilization frequencies, involvement of a specific gene segment in mRNA secondary structure(s), as well as other 1  10  20  30  40  46 50  60  70  80  90  100  110 (9) . The combinatorial methods of metric analysis (20, 21) were used to obtain the set of best alignments of a shark sequence [nucleotides 1-518 minus most of the iVS (nucleotides 53-168)] and a mouse sequence [nucleotides 1-560 minus most of the IVS (nucleotides ) and the Asp-101 codon (nucleotides 516-518)]. The mouse codon was omitted to preserve the 2-to 3-nucleotide spacer segment (S) that lies between the segment encoding the terminal codon RS segment of mammalian VHIII genes and their lower vertebrate homologs (9, 10) . Four alignment stretches have 9 or more common nucleotides in a row, a statistically unexpected result. A number followed by a string of colons on the "number of alignments" line indicates an alignment stretch having that number of equally best alignments (e.g., "5:::::" denotes five alternative alignments involving six alignment positions). The alignment positions having a dash ("-") on this line are present in all metric alignments, whereas those having a blank space are not metrically aligned. The metric alignment explicitly shown here contains 249 positions displaying common nucleotides costing 0 base changes each, 150 positions showing nonidentical nucleotides costing 1 base change each, and 14 positions having a nucleotide aligned with a dash (a "null," corresponding to a point insertion/deletion event) costing 2 base changes each. Thus, the distance between these two sequences is 178 base changes. The "common acids" line shows inphase codons that encode the same amino acid residue on the "shark immunoglobulin" and "mouse immunoglobulin" lines. On the "gene segment (Ig region)" line, CDR1 indicates the first CDR. All metric alignments have a null (missing nucleotide) following the shark codon for Trp-47, which places the adjacent codons for Leu-48 and Val-49 (nucleotides 327-332) out of phase with respect to the mouse codons (see the "codon phase" line). This point deletion in the shark sequence near the end of the FR2 segment is compensated in the CDR2 segment. Amino acids indicated in the uppercase letters (NNN) represent positions where the determined amino acid sequence corresponds to the predicted sequence; lowercase letters (nnn) correspond to predicted amino acids that differ from determined sequences, and uppercase letter followed by two lowercase letters (Nnn) represents positions that have not been determined by amino acid sequencing. The amino acid sequence of positions 1-27 has been reported (11); positions 34-48 were determined by sequencing an interior peptide, CN5. Expression of the HXIA VH Gene. Determining the functional status of isolated VH germline genes is particularly complicated since (i) these families are highly diversified, (it) an individual expressed gene may contribute only minimally to the mRNA pool of a lymphoid organ (e.g., spleen), and (iii) even high-stringency analyses are confounded by near Shark is Heterodontus gene HXIA (Fig. 2) , caiman is Caiman gene C3 (9), and mouse is Mus (BALB/c) gene S107 (16) . *The IVS of the LR segment was omitted for these analyses.
<---FR3 (third framework region) segment>----------------------------------------------------------'><---RS
identity in framework sequences shared between different genes. The absence of terminator codons, frameshift substitutions, and atypical splice sites suggests that HXIA is not a pseudogene; however, changes, in upstream transcriptional signals or chromosomal location, might result in functional inactivation of this region. This issue was explored by using a synthetic probe inversely complementing the portion of CDR2 previously found to exhibit a high degree of interindividual variation between various mammalian (3, 5, (27) (28) (29) (30) (31) (32) and three reptilian VH genes (10) . Seventeen plaque-purified phage stocks that were judged to be unique from restriction mapping experiments, as well as the HXIA stock, were hybridized with the 24-mer probe and with X DNA (Fig. 3) . It is apparent that under the hybridization conditions employed only HXIA hybridizes with the 24-mer. As is apparent from the X DNA hybridization pattern, the findings cannot be explained by differential transfer of DNA to nitrocellulose and suggest that the 24-mer can be used to detect HXIA and perhaps closely related genes. To examine whether HXIA is functional, mRNA derived from the spleens of immunized specimens of Heterodontus was subjected to RNA transfer blot analyses employing (i) a homologous VH probe ( deoxynucleotide CDR2, 24-mer probe (described above). All three probes primarily hybridized to an =2.4-kb component in splenic mRNA (Fig. 4, lanes D-F) . At least one additional minor hybridizing component at -1.6 kb also can be seen in the blots where the HXIA VH and CH probes were used and can be visualized after long-term exposure of the spleen-CDR2 blots. The CDR2 probe did not hybridize with liver mRNA (Fig. 4, lane G) (Fig. lb) .
DNA (10 yg) was digested to completion and following depurination it was transferred to nitrocellulose. The probe was nick-translated to 2.5 x 108 cpm/pAg and hybridization at 1.7 x 106 cpm/ml for 72 hr at 650C was carried out as described and included various inhibitors of nonspecific binding (8) . Blots were washed in 15 mM NaCl/1.5 mM sodium citrate/0.1% NaDodSO4 at 520C (lanes A and B) or 650C (lane C). Autoradiography at -700C was for 144 hr with an intensifying screen. To facilitate reproduction of the weaker signals associated with high-stringency washing (lane A), a shorter, photographic printing exposure was employed with lanes B and C. The signal enhancement can be judged by comparing lanes A and B. Based on the high-stringency pattern and the map of the HXIA clone (Fig. la) ized with the nick-translated HXJA VH probe (specific activity = 8 x 108 cpm/,jg; 2.5 x 106 cpm/ml), and washed at 520C in 15 mM NaCl/1.5 mM sodium citrate/0.1% NaDodSO4, as described (8) . Lanes E-G, prehybridized for 4 hr at 420C in 0.9 M NaCl/0.09 M sodium citrate/5x concentrated Denhardt's solution and hybridized at 370C (lane E) or 420C (lanes F and G) in 0.9 M NaCI/0.09 M sodium citrate/5x concentrated Denhardt's solution/100 ug of yeast tRNA per ml/0.05% sodium pyrophosphate/0.5% NaDodSO4 employing the 32-combination mixed, 17-mer constant region (lane E) or the single sequence, 24-mer CDR2 probes (lanes F and G). The specific activity of the oligonucleotide probes was 4 x 108 cpm/jlg and hybridization mixes contained 3 x 106 cpm/ml. Blots were washed in 15 mM NaCl/1.5 mM sodium citrate/0.1% NaDodSO4 at 520C (lane D) or 0.9 M NaCII0.09 M sodium citrate/0.5% sodium phosphate/0.1% NaDodSO4 at 420C (lanes E-G). Radioautographic exposures were 2, 4, and 8 hr for lanes D, E, and F/G, respectively.
Identical results were achieved with mRNA isolated from two individual specimens. Standards were 32P-end-labeled X digested with HindIII and pBR322 digested with Hinfl.
Genetics: Litman et aL Proc. Nati. Acad Sci USA 82 (1985) acid sequencing studies of individual and pooled Heterodontus immunoglobulin VH regions demonstrated the presence of a single residue at each of the first 27 NH2-terminal positions, suggesting that the FR1 segment of the VH gene family was not diversified (11) . In the course of these studies, a sequence was determined for a peptide, CN5, corresponding to positions 34-48 spanning the CDR1 and FR2 regions. Two preparations of CN5 yielded identical sequences consisting of a single residue at each position, except at position 48 where approximately equimolar amounts of leucine and tyrosine were detected: Met-Asp-Trp-Val-Arg-Gln-Val-ProLeu Gly-Gln-Gly-Leu-Glu-Trp-Tyr (Fig. 2) . Comparison of these sequences to the predicted sequence of HXIA allows assessment of germline or somatic diversification (or both) within FR1 and FR2 segments of this gene family. The observed differences [isoleucine (position 2) vs. valine, aspartic acid (position 10) vs. glutamic acid, glutamic acid (position 15) vs. glycine, and threonine (position 35) vs. aspartic acid, respectively] most likely do not represent amino acid sequencing errors, since the identifications were achieved at quantitatively predictable repetitive yields. Since the NH2 terminus of HXIA would be aspartic acid and not glutamine, posttranslational NH2-terminal cyclization cannot explain a failure to detect an HXIA-like sequence that would have been observed had it contributed z"10-15% of the sequence. Although these differences may have arisen somatically, it is more likely that several subsets of VH genes having different FR segments are present and that the HXIA subset is a minor contributor to the pool of expressed genes.
Evidence for more extensive diversification of Heterodontus VH genes comes from two sources. First, restriction endonuclease mapping revealed differences between 17 additional Heterodontus V+H phage that cannot be explained as partial overlaps (data not shown). In addition, at moderate hybridization-wash stringency the nick-translated HXIA VH probe (Fig. lb) detects multiple hybridizing components; at higher wash stringency (65TC), 6 or 7 components, presumably representing sequences closely related to HXIA, are detected (Fig. 4) . The degree of complexity in these patterns is comparable to equivalent analyses of mammalian DNA (2, 3) . Although this may in part be attributable to (i) the presence of EcoRI sites within the portion of the gene complemented by the VH probe, (it) allelic variation, and (iii) homologous pseudogenes, it is likely that considerable diversity exists in functionally active genes.
Evolution of Antibody Diversity. The mechanisms employed for generating antibody diversity in vertebrate species found below the phylogenetic level of mammals are not understood. It has been suggested that germline responses predominate in poikilothermic vertebrates, since slower cell cycle rates and pressure for expression of pathogen-specific antibody during ex utero ontogenetic development would make somatic mutation-selection temporally inefficient (33) . The immune response characteristics of Heterodontus and another elasmobranch are consistent with this hypothesis as there is no apparent change in antibody fine specificity (11) (12) (13) and affinity (11) (12) (13) 34) over prolonged periods of immunization.
Reduced variation in antibody spectrotypes are associated with the hapten-specific response of outbred Xenopus, an amphibian (35) . Marked similarity in the idiotypes of haptenspecific antibody has been described in isogeneic Xenopus (36) as well as in an outbred teleost fish, Cyprinus (37) . Elasmobranchs, however, must possess rather extensive antibody repertoires since specific response to azobenzene arsonate (11), furyloxazolone (12, 13) , phenyloxazolone (13) , and nitroiodophenyl (11) haptens as well as variation in the The results of these studies are consistent with the presence of multiple germline VH genes that are associated with a segmental reorganization mechanism. The unique biological characteristics of the elasmobranch immune response suggest that the role of other somatic changes in generating diversity may differ from those occurring during the ontogenetic development of antibody-producing cells in more phylogenetically advanced species.
